ABSTRACT The horn ßy, Haematobia irritans L., is an obligate blood-feeding parasite of cattle, and control of this pest is a continuing problem because the ßy is becoming resistant to pesticides. Dominant conditional lethal gene systems are being studied as population control technologies against agricultural pests. One of the components of these systems is a female-speciÞc gene promoter that drives expression of a lethality-inducing gene. To identify candidate genes to supply this promoter, microarrays were designed from a horn ßy expressed sequence tag (EST) database and probed to identify female-speciÞc and larval-speciÞc gene expression. Analysis of dye swap experiments found 432 and 417 transcripts whose expression levels were higher or lower in adult female ßies, respectively, compared with adult male ßies. Additionally, 419 and 871 transcripts were identiÞed whose expression levels were higher or lower in Þrst-instar larvae compared with adult ßies, respectively. Three transcripts were expressed more highly in adult females ßies compared with adult males and also higher in the Þrst-instar larval lifestage compared with adult ßies. One of these transcripts, a putative nanos ortholog, has a high female-to-male expression ratio, a moderate expression level in Þrst-instar larvae, and has been well characterized in Drosophila. melanogaster (Meigen). In conclusion, we used microarray technology, veriÞed by reverse transcriptase-polymerase chain reaction and massively parallel pyrosequencing, to study life stageÐ and sex-speciÞc gene expression in the horn ßy and identiÞed three gene candidates for detailed evaluation as a gene promoter source for the development of a female-speciÞc conditional lethality system.
The horn ßy, Haematobia irritans L., is an obligate blood-feeding parasite of cattle, and control of this pest is a continuing problem for cattle producers in the United States and other parts of the world. Feeding several times per day, infestations of several thousand ßies per animal have been reported (Bruce 1964) . Severe infestations interfere with normal feeding activity, and economic losses to producers result from the reduced weight gain on cattle being prepared for market during the ßy season. Total economic losses attributable to the horn ßy have been estimated at $876 and $150 million annually in the United States and Brazil, respectively (Kunz et al. 1991 , Grisi et al. 2002 . The primary means of controlling the horn ßy is through the application of insecticides, primarily from the pyrethroid and organophosphate classes. However, populations of horn ßies that exhibit signiÞcant resistance to these pesticides are becoming common (Kunz and Schmidt 1985 , Kunz et al. 1995 , Guerrero and Barros 2006 , and novel control methodologies would be an important contribution to the cattle industry.
An interesting approach to insect population control using a dominant, repressible lethal gene system in Drosophila melanogaster (Meigen)was reported by Thomas et al. (2000) . This system requires a sex-speciÞc gene promoter to drive the expression of a repressible transcription factor. The transcription factor controls the expression of a toxic gene product. This control approach and variants on the general theme are also being studied in the agricultural pests Ceratitis capitata (Wiedemann) (Fu et al. 2007) and Lucilia cuprina (Wiedemann) (Scott et al. 2004) . With the problems insecticide-resistant horn ßy populations pose to current control programs, we initiated a project aimed at designing a dominant, repressible female-speciÞc lethal gene system tailored for the horn ßy. Rather than use genetic components from the D. melanogaster laboratory strainÐ derived system (Thomas et al. 2000) , we sought to identify speciÞc orthologues and gene promoters from a natural population of the horn ßy. Initially, it was necessary to acquire an adequate database of expressed gene sequences, because there were very few GenBank entries for the horn ßy (Guerrero et al. 2008) . A critical component of this system is the sex-speciÞc gene promoter that must drive the expression of the lethalityinducing gene product. An obvious choice for a promoter source would be the yolk protein genes, of which there are at least three in Musca domestica L. (White and Bownes 1997) . Sequences with signiÞcant BlastX similarity to yolk proteins 2 and 3 have been reported from the horn ßy (Guerrero et al. 2004) . However, at least one of the M. domestica yolk protein genes, yp3, has detectable expression in male ßies (White and Bownes 1997) . Thus, microarrays were designed from the recently reported horn ßy sequence database (Guerrero et al. 2008 ) and probed to characterize female-speciÞc gene expression and identify several candidate genes that could supply promoters with tight female-speciÞc expression. An additional desirable trait we sought in the gene promoter activity proÞle for the repressible female-speciÞc lethal gene system was expression at an early stage in the life cycle. Ideally, lethality would be induced in the embryonic or early larval stage to prevent devoting resources to mass rear individuals destined to become females only to be killed later in the process. To identify early gene expression, the microarrays were probed with labeled cDNA from Þrst-instar horn ßy larvae and larval expression data compared with that from labeled cDNA from adult ßies.
Materials and Methods
Insect Material. Adult ßies were collected on a single collection date from pastured cattle at the Louisiana State University Agricultural Center, St. Gabriel Research Station (St. Gabriel, LA) by aerial nets and transferred to Erlenmeyer ßasks at 30ЊC and total darkness for 1.5 h to facilitate egg collection (Lysyk 1991) . Collected eggs were divided into two samples, and adult ßies were frozen at Ϫ80ЊC and sexed while on dry ice. One egg sample was frozen at Ϫ80ЊC, and the second egg sample was transferred to moist Þlter paper in petri plates and maintained at room temperature to induce egg hatch. The following day, the wandering Þrst-instar larvae were collected and frozen at Ϫ80ЊC.
RNA Extraction. All procedures were performed according to respective manufacturer protocols. RNA was extracted from Ϸ1 g of adult ßies and 0.1 g larvae using the TotallyRNA Kit (Ambion, Austin, TX). DNA was removed using the Turbo DNA Free Kit (Ambion). Two RNA preparations were made from independent samplings of each ßy material sample. RNA was quantiÞed using a NanoDrop ND-1000 device (NanoDrop Technologies, Wilmington, DE), and quality was conÞrmed by electrophoresis.
Microarray Design. Using an expressed sequence tag (EST) collection described previously (Guerrero et al. 2008 ), a unigene set for horn ßy was generated by assembly of the ESTs at 96% similarity. This unigene set was used for BlastX search against SwissProt/ Tremble to identify those genes that were in forward or reverse mRNA orientation based on the largest ORF with e-value top hits Ͻ1 ϫ 10
Ϫ112
. Those unigene set members with adequate information to determine the mRNA orientation were included into the array design after putting the sequencing into mRNA sense orientation. Unigene sequences without adequate information were included in the array design in both orientations. A total of 6,505 horn ßy tentative consensus (hfTC) sequences were entered into a custom script and used to design 60-mer oligonucleotide probes with two probes sought for each hfTC. A total of 12,806 probes were identiÞed. These probes were uploaded to E-array 4.5 in an 8 by 15K high-density format (Agilent Technologies, Santa Clara, CA). A total of 536 control genes (including positive and negative control probes) were also included in the design of the array, and the Agilent two color spike-in kit was used for technical normalizations.
Microarray Protocol. For each sample, 10 g of total RNA and a 50-fold dilution of the Agilent two color spike-in control RNA kit (Agilent Technologies) were labeled with either CyDye3-dCTP or CyDye5-dCTP (Amersham Biosciences, Piscataway, NJ) using the LabelStar kit (Qiagen, Valencia, CA) and oligo-dT and random nonamers (Sigma-Aldrich, St. Louis, MO). In short, RNA from female horn ßies was labeled with CyDye3-dCTP and hybridized against CyDye5-dCTPÐlabeled RNA from male horn ßies. As a second replicate to control for gene-speciÞc dye bias, the female RNA was labeled with CyDye5-dCTP and hybridized against CyDye3-dCTPÐlabeled RNA from male ßies. Similarly, RNA from Þrst-instar larvae was labeled and hybridized against a labeled 50:50 mix of RNA from adult male and female ßies using the dye swap design. All labeling, hybridization, and washing procedures were performed according to the respective manufacturersÕ protocols. Labeled cDNA was hybridized to the Agilent microarrays using the Gene Expression Hybridization kit (Agilent Technologies) following the manufacturerÕs protocols. Arrays were washed with Gene Expression Wash Buffer kit (Agilent Technologies). A total of four arrays (two independent RNA extractions per ßy tissue type and one dye swap per extraction) were used in the male to female comparison, and four arrays in the larval to adult comparison were used to obtain genes that were consistently regulated while limiting false discovery rate (FDR) to Benjamini and Hochberg 1995) .
Microarray Analysis. Microarray images were captured using a Genepix 4000B (Molecular Devices, Union City, CA) laser scanner, and images were processed using Genepix 6.0 software (Molecular Devices) . Microarray data analyses were performed using Acuity 4.0 software. Slides were normalized using standard ratio-based methods. Data were analyzed based on log ratio (635/532) values. Genes were included in the Þnal dataset that exhibit signiÞcance based on a very conservative FDR Ͻ2.5% (Tsai et al. 2003) and at least 2.0-fold comparative regulation. The biological materials collected from these Þeld populations of horn ßies were limited in quantity because they were used as directly comparable matched samples for cDNA library synthesis (Guerrero et al. 2008) , 454 pyrosequencing, and microarray analysis. Limited quantities of RNA were available for microarray experimental replicates. Thus, in our statistical analysis, we treated each of the four arrays, including the dye swaps, as biological replicates, a designation not statistically accurate because we had only two independent RNA extractions for each sample. As such, we veriÞed the microarray gene expression results using quantitative polymerase chain reaction (PCR) and 454 pyrosequencing for a total of three independent methodologies quantifying expression in our studies of sex-speciÞc and larval-speciÞc gene expression.
Quantitative PCR. Quantitative PCR results for differentially expressed transcripts normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as one methodology for validation of the microarray results. Measurements of relative transcript amounts were performed by quantitative reverse transcription-PCR (qRT-PCR) with the QuantiTect SYBR Green RT-PCR kit (Qiagen) according to the manufacturerÕs instructions. Cycling conditions were based on the standard universal settings recommended for the 7500 Sequence Detection System (PE Applied Biosystems, Foster City, CA). One quantitative PCR validation run was performed for each selected differentially expressed transcript. Three replicates for each transcript were used to allow correlation analysis for comparison to microarray expression data. SpeciÞc primer pairs were designed using Applied Biosystems PrimerExpress Software and standard settings (PE Applied Biosystems). The GAPDH gene was analyzed for both control and treatment samples to normalize the qRT-PCR results of selected genes. The reactions were performed on an ABI Prism 7500 Sequence Detection system (PE Applied Biosystems). Six differentially expressed transcripts were selected for validation by quantitative PCR. The difference (fold) in the initial concentration of each transcript with respect to the control samples was calculated according to the comparative Ct method using the built in functions of the 7500 system Sequence Detection Software version 1.3 (Applied Biosystems).
454 Pyrosequencing. PolyA RNA was isolated from two 400-g aliquots of total RNA from adult males and adult females using the MicroPolyA Purist Kit (Ambion). Five micrograms of polyA RNA was used to synthesize blunt-ended double-stranded cDNA using the Just cDNA Double-Stranded cDNA Synthesis Kit (Stratagene, LA Jolla, CA) and the supplied random primers. DNA sample preparation for sequencing on the 454/Roche GS FLX was performed as described by the manufacturer (Margulies et al. 2005) . Brießy, this entailed shearing the DNA through nebulization and subsequent end repair, as described (Roe 2004) , followed by ligation of adapter sequences and a second round of end repair to yield a blunt ended DNA library that is quantiÞed and diluted before ampliÞcation through emPCR (Margulies et al. 2005) . After emPCR enrichment, the DNAs were loaded onto a 454 Roche GS FLX for massively parallel pyrosequencing. The resulting sequence data from the male and female samples was separately analyzed by BlastN (Altschul et al. 1990 ) to tally the occurrences of sequence fragments possessing identity to a member of the horn ßy Unigene set (Guerrero et al. 2008) . As seen in Table  1 , fold-change was determined by dividing the tally result from the test dataset by the tally from the other dataset. If a 0 was encountered in the control dataset (denominator of the equation fold-change ϭ test/ control), a one was substituted, and the symbol Ͼ inserted in the table column.
Bioinformatics. The differentially regulated genes from the microarray study were mapped to functional classiÞcations schemes such as Gene Ontology terms (Ashburner et al. 2000) , Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Ogata et al. 1999) , and Swiss Prot Protein Keywords (Bairoch et al. 2005) , through the use of the High-Throughput Gene Ontology and Functional Annotation Toolkit (HTGO-FAT; http://liru.ars.usda.gov), which is a functional annotation engine based on WND-BLAST (Dowd et al. 2005 ) and the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Dennis et al. 2003) . To accomplish this, regulated genes (FDR Ͻ 5%) were mapped to UniProt accession numbers and Gene Index numbers using the built in functions of HTGOFAT. These UniProt accessions were entered into DAVID to evaluate functional category enrichment statistics with Sus scrofa as the background genome.
Statistical Analyses of Microarray Data. Statistics algorithms built into Acuity 4.0 were used for analyses related to microarrays. Algorithms in the ABI Prism 7500 Sequence Detection system software (PE Applied Biosystems) were used for all calculations related to quantitative RT-PCR. Algorithms in the DAVID (Dennis et al. 2003) functional annotation tool were used to evaluate categorization statistics. Correlation analyses were performed using multivariate analyses functions of JMP 6.0 (SAS Institute). The microarray datasets have been submitted to the GEO database (www.ncbi.nlm.nih.gov/geo/; GEO Platform GPL6818, Series GSE11828).
Results and Discussion
Sex-specific Gene Expression. RNA from female horn ßies was labeled and hybridized against labeled RNA from male horn ßies in a dye swap design using a total of four arrays incorporating the two RNA isolation replicates. A total of 849 genes showed relative transcript ratios with Ͼ2.0-fold expression difference with statistical signiÞcance set at a FDR Ͻ2.5% (see Supplementary Materials). With these parameters, there were 432 and 417 transcripts whose expression was higher and lower, respectively, in females compared with males. Because the horn ßy Unigene database (Guerrero et al. 2008 ) contains 4,408 unique transcripts, the 849 sex-speciÞc expressed transcripts represent 19% of the horn ßy Unigene database. By comparison, a study by Ranz et al. (2003) found Ϸ60% of the genes in D. melanogaster were differentially expressed in a sex-speciÞc manner. Ellegren and Parsch (2007) consider that sex-biased gene expression might be more prevalent after sexual differentiation. This might explain the relatively lower percentage of sex-speciÞc gene expression in our horn ßy array study compared with that reported by Ranz et al. (2003) because the horn ßy Unigene dataset used to create our horn ßy microarrays was derived from normalized embryonic and larval cDNA libraries (Guerrero et al. 2008 ), life stages occurring before adult ßy sexual differentiation. Figure 1 shows the percentages of the differentially expressed horn ßy sequences as they match sequences from various taxa. The larval and adult comparisons will be discussed below. However, there is a major difference between the "no hit" percentages of the adult female expression Ͼ adult male expression (2%) and the adult male expression Ͼ adult female expression genes (29%). This difference is primarily reßected in a reduction in the male Ͼ female hits to D. melanogaster (40 Ð23%) and mouse (15Ð9%) genes. These horn ßy data are consistent with the information reported in the review by Ellegren and Parsch (2007) that noted the rates of evolution of male-biased genes in both D. melanogaster and Caenorhabditis elegans were faster than female-biased genes of those species. A faster rate of evolution of a Unigene ID represents the identiÞcation no. from the horn ßy combined assembled EST database (Guerrero et al. 2008) . b FC is the fold-change for each analyzed transcript derived by dividing the test expression level value by the control expression level value. c No signiÞcant BLAST hit. d Ͼ signiÞes the Unigene transcript was not found in the control expression dataset, so control value was set as ϭ 1 to avoid division by zero in the fold-change calculation.
e Ñ signiÞes neither the female nor male 454 datasets contained sequences corresponding to this Unigene set transcript. f Ͻ signiÞes the Unigene transcript was not found in the test expression dataset, so test value was set as ϭ 1.
male-biased horn ßy genes could evidence itself in a higher percentage of genes without Blast hits in the adult male expression Ͼ adult female expression dataset compared with data from the adult female Ͼ adult male dataset. This is what Fig. 1 details. However, there is avian data from Mank et al. (2008) that shows female-biased genes have faster rates of evolution than male-biased genes, so generalizations over distantly related taxa might be questionable. Table 1 lists the members of the Unigene set whose transcripts showed Ͼ10-fold differential expression under our experimental conditions. There were 28 and 7 transcripts expressed Ͼ10-fold higher and lower, respectively, in females compared with males. Of the transcripts whose expression was Ͼ10-fold higher in females compared with males, seven had no signiÞcant BlastX hits (E-value Ͻ0.001). In fact, three of the top four transcripts in the female expression Ͼ male expression category could not be assigned putative functions, a bit surprising in light of having the well-annotated D. melanogaster genome as a good model. A BlastN analysis also failed to discover informative annotation. Perhaps these are transcripts with functions unique to female horn ßies such as aspects of the life cycle related to host Þnding, mating, or location of oviposition site. A lack of Blast hits could also result if an EST was composed largely of untranslated region with poor conservation among orthologs, rather than a more conserved protein-coding region of the gene. A number of the regulated genes in Table 1 have been linked to differential expression based on sex. Among the 21 transcripts in Table 1 whose expression was higher in females compared with males that could be assigned putative function were Nanos, Mad2, Flap Endonuclease I, Aquaporin, and Exuperantia. In addition to its role in early embryonic pattern formation, Nanos is required in the adult ovary for the maintenance of germline stem cells and in the adult germline for early oogenesis (Forbes and Lehmann 1998) . MAD2, as a spindle checkpoint protein, plays a role in regulation of the Þrst meiotic division of mammalian oocytes and chromosome segregation (Wang et al. 2007 ). Aquaporins are a family of small water channels that facilitate water movement across membranes and members of the family have roles in both male and female reproductive systems (Huang et al. 2006) . The exuperantia gene in D. melanogaster encodes overlapping sex-speciÞc transcripts that are subjects of sexspeciÞc RNA processing. The sex-speciÞc expression of exuperantia is critical to both oogenesis and spermatogenesis (Hazelrigg and Tu 1994) . The Flap Endonuclease I transcript encodes a DNA repair enzyme that interacts with mammalian estrogen receptor. In this system, estrogen exerts great effects on expression of the Flap Endonuclease I in speciÞc uterine cell types (Schultz-Norton et al. 2007) .
Among the genes showing the greatest sex-speciÞc differential expression, those with greater expression in males compared with females include dual speciÞcity phosphatase (DSP) 18, mitochondrial glycerol-3-phosphate dehydrogenase (GPD), calcium-dependent secretion activator, myosin light polypeptide kinase, and allergen Plo I (Table 1) . DSPs comprise a family of protein tyrosine phosphatases that have expression proÞles that vary according to family member. Human DUSP18 mRNA was found in 16 human tissues examined but showed highest levels in liver, brain, testis, and ovary (Wu et al. 2003) . This horn ßy transcript may be a DSP family member that is male speciÞc in its expression pattern. The mitochondrial GPD expression pattern is interesting in that three different horn ßy Unigene sequences showed significant similarity to GPDs. Horn Fly Unigene Contig 3098 and 3501 both showed signiÞcant sequence similarity to the identical human mitochondrial GPD (Table 1; GenBank: P43304), whereas the top BlastX hit for Contig 2965 was the mitochondrial GDP from Rattus norvegicus (GenBank: P35571). However, the three horn ßy sequences that were all derived from a Þrst-instar larval cDNA library (Guerrero et al. 2008) have very little nucleotide similarity between themselves (data not shown). Mitochondrial GPD is known to show sex-and tissue-speciÞc differential expression (Weitzel et al. 2003) and perhaps the three horn ßy larval transcripts are derived from differential splicing of transcripts from male-speciÞc larval tissues at various stages of development. The lower expression of calciumdependent secretion activator in females compared with males is difÞcult to explain, because it is reported to be expressed preferentially in neural tissues, but expression in mouse testis and ovary is reported to be similar in those organs (Su et al. 2002 ; http://smd.stanford.edu/cgi-bin/ source/expressionSearch?optionϭcluster&criteriaϭ Mm.260881&datasetϭ11&organismϭMm). Myosin light polypeptide kinase, a calmodulin-regulated kinase that targets the myosin II molecular motor system, has been shown to be expressed in a tissuespeciÞc manner (Birukov et al. 1998 ). Finally, allergen Plo I is an arginine kinase from the indian mealmoth, and these enzymes show ecdysone-responsive expression (James and Collier 1992) , although information on the sex-speciÞc expression of arginine kinase from indian mealmoth was not found. Based on functional category enrichment in the gene set with female expression Ͼ male expression, it is notable that the SP PIR Keywords nuclear proteins and DNA replication were the two most abundant terms ( Table 2 ). The most abundant molecular function GO Terms in Table 2 are all related to binding processes, including nucleic acid, RNA, mRNA, and protein binding. In addition, the GO Term sequencespeciÞc DNA binding was just above the P value cutoff used in creating Table 2 (see Supplementary Materials). The most abundant cellular component GO Terms in Table 2 were intracellular, nucleus, and protein complex, whereas the most abundant biological process GO Terms generally related to various aspects of metabolism. These female over-represented classiÞcation terms showed good consistency with the list of female overexpressed transcripts (Table 1) . For example, Nanos and Exuperantia are associated with oogenesis, whereas the proteins MAD2, DNA primase, Flap endonuclease, GTPase activating protein, and nucleolar protein are associated with nuclear binding or metabolic processes of various types.
Functional category enrichment of the transcripts expressed higher in males compared with females showed that genes were highly enriched to the cytoplasmic cellular component and the primary biological processes were related to cellÐcell signaling and neurological processes (Table 3 ). The SP PIR Keywords are alternative splicing, mitochondrion, and transit peptide. Both SP PIR and GO Terms categories are consistent with the female underexpressed transcripts (male Ͼ female category) listed in Table 1 . Three of the seven transcripts in this category have signiÞcant similarity to mitochondrial GPD, an enzyme with a number of alternative transcriptional pathways (Weitzel et al. 2003) . The calcium-dependent secretion activator, another transcript showing greater expression in males compared with females, is expressedinneuraltissues(http://smd.stanford.edu/cgibin/source/expressionSearch?optionϭcluster&criteriaϭ Mm.260881&datasetϭ11&organismϭMm), the common theme of the biological process GO Terms in Table 3 .
On a broader scale, it is interesting to note the studies of Mank et al. (2008) , who reported sex-biased gene expression in gonads from embryonic chickens. In their study, male-biased GO Terms were generally related to membrane-associated activities or cellular components (e.g., 0016020 membrane, 0005244 voltage-gated ion channel activity, and 0031224 intrinsic to membrane), whereas female-biased GO Terms were more related to transport-associated processes and components (e.g., 0030705 cytoskeletal-dependent intracellular transport, 0030136 clathrin-coated vesicle, and 0006828 iron ion transport). GO Term 005576 extracellular region was also reported as a femalebiased cellular component term. Our study using the embryonic and larval horn ßy tissue-derived Unigene set showed the cellular component GO Term intracellular as a female-biased term along with several other intracellular-associated terms (Table 2) . Additionally, several membrane-associated GO terms related to organelles were found in the female-biased terms of Table 2 . The membrane-associated GO terms in the embryonic chick gonad study were found in the male-biased category of Mank et al. (2008) . Whether these differences would stand if gene expression in ßy gonad tissues were compared with the chick gonad gene expression study is not known, because Mank et al. (2007) cited studies that suggest the evolution of sex-biased genes differs between D. melanogaster, a dipteran as is the horn ßy, and birds.
Four transcripts whose expression was greater in females than males and two whose expression was greater in males than females were selected for veriÞcation of the microarray results by qRT-PCR. The results of the qRT-PCR (fold-change) correlated with microarray expression at a correlation coefÞcient of 0.98 (P Ͻ 0.001; Fig. 2 ). The female expression Ͼ male expression Contigs 2531 (MAD2-like, 18.1 microarray fold-change), 507 (aquaporin, 12.4 microarray foldchange), and 1664 (maternal protein exuperantia, 10.5 microarray fold-change) showed 21.0-, 12.6-, and 8.2-fold-change, respectively, in qRT-PCR. The male expression Ͼ female expression Contigs 3501 (GPD, 11.9 microarray fold-change) and 444 (myosin light polypeptide kinase, 10.8 microarray fold-change) showed 10.2-and 9.5-fold-change, respectively, in qRT-PCR. Contig 1117 (nanos, 31.6 microarray foldchange) was also analyzed by qRT-PCR. Experimental difÞculties prevented quantitative results to be determined; however, the fold-change for this transcript was Ͼ100-fold higher in females compared with males (data not shown).
Because of the limited amount of biological material, we were not able to incorporate a powerful statistical design with true biological replications into our microarray protocol. Recognizing that dye swaps are not true replications, for an overall determination of sex-speciÞc transcript expression patterns, we performed statistical analysis with the dye swaps entered into the statistical program as true independent replications. To have more conÞdence in the resultant microarray expression data, we used an independent veriÞcation methodology, quantitative analysis of 454 pyrosequencing data, to validate the results from those transcripts showing Ͼ10-fold sex-speciÞc differential expression (Table 1) . We tallied the number of times each contig in the horn ßy Unigene Set (Guerrero et al. 2008 ) occurred in the female and male 454 sequence datasets. Comparing the female and male tallies, we found that 23 of the 28 female Ͼ male transcripts and 6 of the 7 male Ͼ female transcripts of Table 1 showed consistency in the direction of sexspeciÞc expression between the microarray and 454 results. The absolute sex-speciÞc expression levels showed variation, with only 7 of the 35 analyzed contigs (Table 1) having microarray and 454 fold-change values within a 2.5-fold difference of each other. This variation is likely caused by the lack of true biological replicates in the microarray, although more 454 sequencing might reduce the discrepancies. The 454 data from each dataset was obtained from a one-quarter section from two independent 454 sequencing plates, yielding a total of 74,750 and 57,438 sequences comprising the female and male datasets, respectively, with average read lengths of 217 bp (data not shown). Nevertheless, the consistency of the directional trends of the microarray and 454 data were encouraging and led us to evaluate the data for larval-speciÞc and combined sex-speciÞc and larval-speciÞc gene expression.
Larval-specific Gene Expression. In a dye-swap design, RNA from Þrst-instar larvae was labeled and hybridized against a labeled 50:50 mix of RNA from adult male and female ßies to identify differential gene expression in the early larval stages of the horn ßy life cycle. As in the sex-speciÞc expression microarray design, limited biological material prompted us to designate the dye swaps as biological replicates for statistical analysis. As expected, there were more gene expression differences in this larval study compared with the sex-speciÞc study above. A total of 1,290 differentially expressed transcripts were found with 419 and 871 transcripts expressed at higher and lower levels, respectively, in larvae compared with adults (FDR Ͻ 2.5%; see Supplementary Materials). Figure  1 shows the distributions of the horn ßy adult expression Ͼ larval expression and larval expression Ͼ adult expression BLAST sequence matches to gene sequences from various taxa. Despite having about one half the number of transcripts, the larval-biased gene dataset has almost twice the percentage of genes in the "no hit" category than the adult-biased dataset. The adult stage of the horn ßy has been better studied than the larval stages and this is likely true for most species of dipterans. This might be the reason there are less orthologs identiÞed for genes expressed in the larval stages of the horn ßy life cycle. It is also interesting to compare the distribution of the horn ßy larval Ͼ adult expression dataset to the taxon distribution of sequences from the report by Goodisman et al. (2005) on gene expression in the ant, Camponotus festinatus. Thirty percent of the larval-biased horn ßy genes matched insect sequences in GenBank, whereas 53% of the ant larval/pupal sequences matched insect GenBank entries. The percentages in the "no hit" category were similar between the ant and horn ßy and the bulk of the difference in taxon matches between the two species occurred in the vertebrates. Only 2% of the ant sequence matched vertebrates, whereas 19% of the horn ßy sequences had vertebrate matches. Table 4 lists the transcripts that showed Ͼ20-fold differential expression. Seventeen of the 38 transcripts of Table 4 that were expressed higher in larvae compared with adults did not show signiÞcant sequence similarity to any GenBank entry, wheras all of the 10 transcripts expressed higher in adults compared with larvae had GenBank matches. Among the 17 larval expression Ͼ adult expression transcripts with Ͼ50-fold differential expression, 7 did not have a GenBank match, 4 (Contigs 2199, 2333, 568, and 2101) were proteases probably involved in digestive processes, and 2 each were associated with the larval cuticle (Contigs 3981 and 314) or peritrophic membrane (Contigs 1014 and 2085). These protein types are consistent with the results of the functional category enrichment analysis of the transcripts with greater expression in larvae compared with adults (Table 5) , which had proteasome, transit peptide, and threonine protease among the top SP PIR Keywords. Additionally, the top 14 biological process GO Terms were catabolism/metabolism-related, among the top Þve cellular component GO Terms were proteasome complex, protein complex, and proteasome core complex, and proteasome endopeptidase activity is among the top molecular function GO Terms. Clearly, relative to adult ßies, the Þrst-instar larval stage is highly invested in the expression of genes involved in catabolic processes, particularly protein digestion. The ant, C. festinatus, also showed GO Terms in the larval-biased genes, which were involved with processes associated with protein metabolism (Goodisman et al. 2005) . Anopheles gambiae shows a similar enrichment of GO Terms associated with catabolism in larval-biased genes (Koutsos et al. 2007 ). This preponderance of Fig. 3 . Diagrammatic representation of sex-speciÞc and larval-speciÞc microarray datasets. The 432, 417, 419, and 871 female Ͼ male (Fem ϩ), female Ͻ male (Fem Ϫ), larval Ͼ adult (Lar ϩ), and larval Ͻ adult (Lar Ϫ) transcripts, respectively, were examined to determine whether transcripts differentially expressed in the sex-speciÞc experiments were differentially expressed in the larval-speciÞc experiments and vice versa. The numerals in the intersecting regions indicate the number of transcripts with a minimum fold-change ratio of Ͼ4.0 that occur in both datasets. SpeciÞc transcript data are shown in Table 7 . catabolic activity in the larval stage is not unexpected, because metamorphic processes require the breakdown of larval tissues in preparation for pupal development. The early larval stage of the horn ßy is characterized by continual feeding in relatively refractory yet microbially active cattle manure. The larval stage is also characterized by rapid development to the pupal stage, because the volume increase from the Þrst-instar larval stage to the pupal stage is Ϸ50-fold, occurring over a 3-to 4-d period (Bruce 1964) . Only 10 transcripts were found to be expressed at Ͼ20-fold higher levels in adults compared with larvae (Table 4) . Of these 10 transcripts, the maternal protein exuperantia (Contig 1664) was also listed as a female expression Ͼ male expression transcript, whereas the mitochondrial GPD2 (Contig 2965) was listed as a male expression Ͼ female expression transcript, indicating the expression of transcript Contig 2965 is probably restricted to the adult male life stage (Table 1) . Two adult expression Ͼ larval expression transcripts (Contigs 2449 and 69) were related to the de novo pathway for biosynthesis of purines, a pathway required during D. melanogaster metamorphosis and embryogenesis, whereas the larval stages survive on exogenous source of purines (Clark and MacAfee 2000) . Several of these genes with adult expression Ͼ larval expression seem to be related to functions associated with adult females, such as blood feeding (the ironbinding manganese purple acid phosphatase-encoding Contig 3410), vitellogenesis (Yolkless-encoding Contig 1335), and embryogenesis (lysosomal aspartic protease-encoding Contig 654). Table 6 shows the SP PIR Keywords and GO Terms that are associated with the transcripts expressed at lower levels in larvae com- Combined Female-and Larval-specific Analysis. With our primary goal of identifying a candidate gene promoter that could drive a female-speciÞc lethality system with lethality expressed in the early larval stage, we analyzed the microarray experimental datasets for all combinations of female versus male and larvae versus adult expression. The results are expressed diagrammatically in Fig. 3 and speciÞc transcript identiÞcation data are tabulated in Table 7 for transcripts with a minimum fold-change ratio of Ͼ4.0. Only one transcript showed a female Ͼ male and larval Ͼ adult expression pattern, Contig 387, which possesses sequence similarity to a-tubulin 84D from D. melanogaster (GenBank: P06605). Reportedly, this member of the tubulin family is expressed constitutively in D. melanogaster (Theurkauf et al. 1986 ); however, in horn ßy, Contig 387 was expressed 4.0-and 4.4-fold in females compared with males and Þrst-instar larvae compared with adults, respectively. Several transcripts that seem to be adult female speciÞc (i.e., female Ͼ male and adults Ͼ larvae) were found, especially Contigs 3, 7, 1148, and 551, which had female Ͼ male fold-changes Ͼ10. Two transcripts, Contigs 2848 and 446, were found whose expression was Ͼ10-fold higher in larvae compared with adults but were preferentially expressed in males. Three transcripts, Contigs 3098, 2631, and 2969, were preferentially expressed Ͼ10-fold higher in adult males than adult females (i.e., males Ͼ female and adult Ͼ larvae).
Despite our identiÞcation of Contig 387 as a possible source for a gene promoter that is active in the early larval stage of females, the difference in the expression of the Contig 387 transcript in females compared with males is only 4.0-fold. A number of transcripts in our database had higher female versus male expression fold changes (Table 1) . Thus, we examined the raw intensity data for the top two female overexpressed transcripts, Contigs 670 (no GenBank match) and 1117 (putative nanos ortholog), to verify that their expression in larvae would be high enough to warrant study of their gene promoter for use in the femalespeciÞc lethality system with desired lethality expressed in the early larval stage. Both Contigs 670 and 1117 had moderate expression levels in the larval sample (data not shown). In fact, Contig 1117 was expressed Ϸ10-fold higher in the larvae compared with the mixed adult pool, although Contig 1117 did not fall out as a signiÞcant larval expression Ͼ adult expression transcript based on our selected cut-offs for statistical signiÞcance (see Materials and Methods). Thus, in Contigs 387, 670, and 1117, we identiÞed three candidates for detailed evaluation as a gene promoter source for the development of a female-speciÞc conditional lethality system. These three gene promoters will be cloned from horn ßy genomic DNA and ligated to reporter gene constructs to identify promoter sequence regions that control sex-and life stageÐspeciÞc expression. Contig 1117, the putative nanos ortholog, seems to be the a very good candidate for a gene promoter source for our female-speciÞc conditional lethality system, because it has a high female-to-male expression ratio, a moderate expression level in Þrst-instar larvae, and has been characterized in D. melanogaster.
